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ABSTRACT
Context. Ultrahigh energy protons and nuclei from extragalactic cosmic ray sources produce secondary γ-rays, electrons and positrons
on cosmic microwave background (CMB) and extragalactic background light (EBL) photons. These secondary particles initiate inter-
galactic electromagnetic (EM) cascades, eventually resulting in observable fluxes of γ-rays in the GeV-TeV energy domain. The total
spectrum of such cascade γ-rays of hadronic nature is significantly harder than the one usually expected from blazars. The spectra of
some sources known as “extreme TeV blazars” were claimed to be well-described by this “intergalactic hadronic cascade model”.
Aims. We calculate the shape of the observable spectrum inside the point spread function (PSF) of a typical imaging atmospheric
Cherenkov telescope (IACT), as well as the observable angular distibution of γ-rays, for the first time taking into account the effect of
primary proton deflection in a realistic extragalactic magnetic field (EGMF). We investigate if these deflections significantly change
the shape of the observable spectrum and whether the observable angular distibution could be detected with currently operating or
projected γ-ray telescopes.
Methods. We estimate the width of the observable γ-ray angular distribution from simple geometrical considerations. In addition, we
employ a hybrid code previously delevoped by us, supplementing it with new routines to compute the observable angle for detectable
γ-rays.
Results. The observable point-like spectrum at milti-TeV energies is much softer than the one averaged over all values of the ob-
servable angle. The observable angular distribution is found to be sufficiently broad to enable a robust identification of the extended
emission around the sources with next-generation γ-ray telescopes.
Conclusions. The presence of a high-energy cutoff in the observable spectra of extreme TeV blazars in the framework of the in-
tergalactic hadronic cascade model could significantly facilitate future searches of new physics processes that enhance the apparent
γ-ray transparency of the Universe (for instance, γ → ALP oscillations). In effect, this study allows to significantly suppress the most
dangerous source of astrophysical background for such searches, namely, the background from intergalactic cascades initiated by
ultrahigh energy protons and nuclei. This work will hopefully be useful in constraining the origin of very high energy γ-rays from
extreme TeV blazars, as well as in EBL and EGMF studies.
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1. Introduction
Observations of ultrahigh energy cosmic rays (UHECR) indicate
that these particles are mostly extragalactic, at least when the
primary particle energy E0 exceeds 10
19 eV = 10 EeV (Aab et al.
2017)1. Active galactic nuclei (AGN) and, in particular, blazars
(AGN with the jets presumably pointed towards the observer)
are among the most well-motivated sources of UHECR (Hillas
1984; Biermann & Strittmatter 1987; Rachen & Biermann 1993;
Dermer & Razzaque 2010).
Ultrahigh energy protons and nuclei from extragalac-
tic sources interact with diffuse photon backgrounds by
means of photohadronic processes and electron-positron
pair production (Greisen 1966; Zatsepin & Kuz’min 1966;
Berezinskii & Grigor’eva 1988; Berezinsky et al. 2006)2.
1 see, however, Gruzinov (2018) and Strong (2018)
2 in what follows we will mainly consider the case of primary protons
Secondary γ-rays, electrons and positrons (hereafter “elec-
trons” for simplicity) develop intergalactic electromagnetic
(EM) cascades (Berezinsky & Smirnov 1975; Protheroe
1986; Protheroe & Stanev 1993; Aharonian et al. 1994;
Berezinsky & Kalashev 2016) via the pair production (PP)
process (γγ → e+e−) and the inverse Compton (IC) scat-
tering (e+γ → e+′γ′ or e−γ → e−′γ′ ). Cascade γ-rays that
typically have the energy much lower than that of the primary
protons may be observed with space γ-ray telescopes such
as Fermi-LAT (Atwood et al. 2009), AGILE (Tavani et al.
2009; Bulgarelli et al. 2019) or projected space observato-
ries MAST (Dzhatdoev & Podlesnyi 2019), GAMMA-400
(Galper et al. 2013), e-ASTROGAM (de Angelis et al. 2018),
AMEGO (McEnery et al. 2019), AdEPT (Hunter et al. 2014),
HARPO (Gros et al. 2018), or with ground-based γ-ray de-
tectors such as H.E.S.S. (Hinton 2004; Bonnefoy et al. 2018),
MAGIC (Aleksic´ et al. 2016a,b), VERITAS (Krennrich et al.
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2004; Park 2016), HAWC (Abeysekara et al. 2017), Cherenkov
Telescope Array (CTA) (Actis et al. 2011; Acharya et al. 2013;
The CTA Consortium 2018), ASTRI (Lombardi et al. 2019),
LHAASO (Cui et al. 2014; Tian et al. 2018; Bai et al. 2019).
The observable angular distribution of these cascade γ-rays
from a point-like source strongly depends on the strength and
structure of the extragalactic magnetic field (EGMF). In par-
ticular, if the deflection angles of primary protons and cascade
electrons are small enough, the observational appearance of the
source is similar to a slightly extended γ-ray pattern. The idea
that cascade γ-rays from primary protons accelerated in extra-
galactic sources may contribute to point-like images of these
sources was considered in Waxman & Coppi (1996) and Uryson
(1998), thus laying the foundation for the “intergalactic hadronic
cascade model” (IHCM). Waxman & Coppi (1996) mainly con-
centrated on temporal properties of the γ-ray signal and a general
discussion of the IHCM, while Uryson (1998) demonstrated that
a part of the observable γ-raysmay have a multi-TeV energy. The
appearance of these very energetic γ-rays is due to the fact that
a part of the interactions of the primary protons occurs relatively
near to the observer, and thus the cascade γ-rays experience a
lesser degree of absorption on diffuse extragalactic photon back-
grounds than the primary γ-rays from the same source.
However, in γ-ray astronomy it is still customary to ne-
glect any effects from intergalactic EM cascades initiated by
either γ-rays or protons, assuming the so-called “absorption-
only model” (AOM) that accounts for only PP and adiabatic
losses. In the framework of the AOM one can reconstruct the
shape of the intrinsic spectrum of the source by compensating
for the attenuation of the primary γ-ray flux and redshift. Obser-
vations made with imaging atmospheric Cherenkov telescopes
(IACTs) revealed that some blazars have such reconstructed in-
trinsic spectral energy distributions (SEDs) peaking at E >1 TeV
(e.g. Aharonian et al. (2006); Aliu et al. (2014)). In what follows
we call these AGNs “extreme TeV blazars” (ETBs).
ETBs are defined solely by their γ-ray properties, but they
have much in common with extreme highly peaked BL Lac
objects (EHBLs) (Costamante et al. 2001; Bonnoli et al. 2015;
Costamante et al. 2018) which may be characterised by their
broadband (in particular, X-ray) properties. Indeed, some blazars
such as 1ES 0229+200 (Aharonian et al. 2007c; Aliu et al.
2014), 1ES 1101-232 (Aharonian et al. 2006, 2007a) and 1ES
0347-121 (Aharonian et al. 2007b) may be classified as both
ETBs (see Dzhatdoev et al. (2017), Fig. 12, 14, 17) and EHBLs.
Compared to well-known nearby blazars such as Mkn 501 and
Mkn 421, ETBs, as a rule, reveal weak and slow variability in
the high energy (HE, E >100 MeV) and the very high energy
(VHE, E >100 GeV) spectral bands.
These peculiar properties of ETBs allow for a possibility that
a significant part of observable γ-rays were in fact produced not
inside the source, but as a result of EM cascade development in
the intergalactic medium. Therefore, the IHCM experienced a
very high level of popularity when applied to ETBs and EHBLs
(Essey et al. 2010, 2011; Murase et al. 2012; Zheng et al. 2015;
Archer et al. 2018; Acciari et al. 2019a,b; Das et al. 2019).
Even before the discovery of ETBs in the VHE energy range,
first sophisticated models of the EGMF in the large-scale struc-
ture (LSS) were developed (Dolag et al. 2005; Sigl et al. 2004;
Das et al. 2008; Vazza et al. 2017; Hackstein et al. 2018, 2019).
Most of these models predict an appreciable (∼0.1–1◦) deflec-
tion for UHE protons after propagating ∼100 Mpc, and the
EGMF appears to be strongly inhomogeneous (Ryu et al. 1998;
Medina Tanco 1998), with relatively strong magnetic fields in
galaxy clusters (B ∼ 1-10 µ G), B ∼1-100 nG in filaments, and
comparatively weak (B <1 nG) EGMF in voids.
In the present paper, for the first time, we show how pri-
mary proton deflections in realistic extragalactic magnetic fields
modify the observable spectral and angular distributions of γ-
rays. We demonstrate that this effect broadens the observable
angular distribution significantly and leads to an effective cut-
off in the observable point-like spectrum3 (in what follows
called simply “observable spectrum”). Some preliminary esti-
mates justifying this conclusions were published in our recent
work Dzhatdoev et al. (2019) as conference contribution. The
deflection of cascade electrons in weaker magnetic fields of LSS
voids may contribute to the broadening of the observable angular
distribution, leading to an even more dramatic effect.
The present work was in part motivated by the on-
going search for oscillation of γ-rays to axion-like parti-
cles (γ → ALP) using blazar spectra (Horns & Meyer 2012;
Rubtsov & Troitsky 2014; Dzhatdoev 2015; Korochkin et al.
2019c). γ-rays may convert to ALPs (Raffelt & Stodolsky 1988;
De Angelis et al. 2007; Kartavtsev et al. 2017; Montanino et al.
2017; Galanti & Roncadelli 2018; Galanti et al. 2019b) in mag-
netic fields of the source or in the EGMF clusters or filaments;
the produced ALPs then may convert back to observable γ-rays.
A part of the path of these observable γ-rays is thus traversed by
ALPs that do not experience absorption on extragalactic back-
ground light (EBL) photons; therefore, the optical depth τ for γ-
rays is effectively reduced and the Universe appears more trans-
parent in the presence of the γ → ALP oscillation process.
The discovery of ALPs by means of this effect would re-
quire a detailed estimation of astrophysical backgrounds for the
γ → ALP process and then the suppression of these back-
grounds. Cascade γ-rays from primary proton interactions in fact
represent the most dangerous source of the background for these
γ → ALP oscillation searches (Baklagin et al. 2018). The pres-
ence of an effective cutoff in the observable spectrum with re-
spect to the angle-averaged spectrum in the framework of the
IHCM allows to greatly reduce the background for γ → ALP
oscillation search in blazar spectra at high values of the γγ opac-
ity.
This paper is organized as follows. In Sect. 2 we present
some basic estimates of the angular broadening and spectral cut-
off effects, devoid of any unnecessary computational details. In
Sect. 3 we describe simulations of proton deflection and calcu-
lation of the observable spectrum by means of a hybrid method
introduced by us in Dzhatdoev et al. (2017) (hereafter denoted
as D17). We present the main results of this paper in Sect. 4 and
observational prospects — in Sect. 5. We discuss these results in
Sect. 6 and conclude in Sect. 7.
Throughout this work we assume the following values of
cosmological parameters: H0= 67.8 km s
−1 Mpc−1, Ωm= 0.308,
ΩΛ ≈ 1 − Ωm (Ade et al. 2016). Somewhat different results for
these parameters were presented in Aghanim et al. (2018): H0=
67.4 km s−1 Mpc−1 and Ωm= 0.315; these updated values, how-
ever, would not influence our results and conclusions signifi-
cantly. Moreover, we assume the redshift of the source zs= 0.186
and the corresponding comoving distance LS= 786.1Mpc unless
stated otherwise. For the most part of this paper, calculations
of EM cascades were performed with the ELMAG publicly-
available code (Kachelrieß et al. 2012) (versions 2.02 and 2.03).
3 that is, the spectrum inside the point spread function (PSF) of the
observing instrument
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2. Estimates
Primary protons deflect to appreciable angles while they propa-
gate over a large distance LS > 100 Mpc from the source to the
observer. According to the EGMF model of Dolag et al. (2005)
(hereafter denoted as D05), a half of protonswith the energy Ep=
40 EeV deflect to the angle δ > 0.7◦ for LS= 500 Mpc (see Fig.
15 in the aforementioned paper). For larger distances, neglecting
proton energy losses, we estimate
0.7◦
√
LS
500Mpc
40EeV
Ep
< δ < 0.7◦
LS
500Mpc
40EeV
Ep
; (1)
in particular, for Ep= 30 EeV and zs= 0.186 1.2
◦ < δ < 1.5◦
(throughout this section we conservatively assume δ= 1◦).4 The
total value of δ may be dominated by one or two of the most
prominent magnetic structures, or may accumulate over many
less significant ones. Below we estimate the width of the observ-
able γ-ray angular distribution separately for these cases.
In the present work we concentrate on the impact that pri-
mary proton deflections have on the observable spectral and
angular distributions of γ-rays. Cascade electrons also experi-
ence deflections on magnetic fields of filaments and voids. The
electrons that were produced in filaments are typically almost
completely isotropized (their deflection angles δe ≫1 rad), and
thus the secondary (cascade) γ-rays form a quasi-isotropic cloud
(the so-called “pair halo”, PH), as discussed in Aharonian et al.
(1994). Such PHs are typically difficult to find in the spectra of
highly beamed sources such as blazars (Aharonian et al. 2001);
therefore, we do not consider this component of observable γ-
rays. We also neglect synchrotron losses (see Aharonian et al.
(2010) and Fig. 9 of Berezinsky & Kalashev (2016) for related
discussions).
The constraints on the strength of the EGMF in voids
are actively debated (Neronov & Vovk 2010; Tavecchio et al.
2010; Dermer et al. 2011; Taylor et al. 2011; Arlen et al. 2014;
Finke et al. 2015; Ackermann et al. 2018a); no reliable measure-
ment of these magnetic fields is available by now. The typical
energy loss length of cascade electrons is much smaller than
the extension of the void (see Dzhatdoev et al. (2019), Fig. 2).5
Depending on the strength and the correlation length of the
EGMF in voids, cascade γ-rays may form a PH or, in case of
small electron deflection angle δe ≪1 rad, appear as a highly
anisotropic “magnetically broadened cascade” (MBC) pattern
(Abramowski et al. 2014). The angular extension of such MBC
is at present unknown; it may be well below, or well above, or
of the same order as the angular resolution of the presently oper-
ating γ-ray telescopes (Neronov & Semikoz 2007, 2009); there-
fore, we leave the study of MBCs in context of the IHCM for
future work. 6
2.1. Individual effect
Here we consider the case where the total deflection is due to one
filament of the LSS7. A simplified scheme of the corresponding
geometry is shown in Fig. 1. A source (S ) emits UHE protons
4 the account of energy losses would increase the value of δ
5 this figure was produced assuming the approximation for the IC pro-
cess presented in Khangulyan et al. (2014)
6 we note, however, that PHs and MBCs cause some additional broad-
ening of the observable angular distribution; therefore, the account of
PHs and MBCs would make our conclusions even stronger
7 deflections on galaxy clusters are usually important for large red-
shifts, zs >0.3–0.5 (see Subsection 6.2 in D05)
that first propagate through a void (underdense region of space)
with the diameter LV and then are upscattered on a filament (de-
noted by blue twin dashed lines; the deflection angle is, again,
denoted as δ). An example of a proton path is shown as a red
line (θ0 is the primary proton emission angle). The observer (O),
located at a distance LS from the source, detects secondary γ-
rays from cascades initiated by the proton. Primary protons are
deflected by the Galactic magnetic field and are not registered
from the same direction as the γ-rays.
S O
C
δ
δ
0θ obsθ
SL
d VL
Fig. 1. Geometry scheme for the intergalactic hadronic cascade model
and one filament (not to scale, see text for more details).
We extrapolate the observable γ-ray path until we have a tri-
angle with a right angle. The side d of that triangle can be repre-
sented by the following equation:
d = LV sin(δ) = LS sin(θobs), (2)
where θobs is the observable angle (the angle between the di-
rection from the source to the observer and the direction of the
incoming observable γ-ray)8. Therefore, θobs could be estimated
as follows:
sin(θobs) = sin(δ)
LV
LS
. (3)
We note that the same expression is widely known for purely
electromagnetic cascades (Neronov & Semikoz 2009); the phys-
ical interpretation of the quantities entering into this expression
is, however, very different.
Following Harari et al. (2016), we estimate a typical astro-
physically plausible value of the deflection angle on a single fil-
ament as
δ ≈ 1◦ B
1nG
40EeV
Ep/Z
√
LBlc
1Mpc
, (4)
where B is the magnetic field strength, Z is the charge num-
ber of the primary particle (proton in our case), LB is the thick-
ness of the filament and lc is the correlation length for that mag-
netic field. For B = 1 nG, LB = 1 Mpc, lc = 1Mpc, we get δ = 1
◦
for E = 40 EeV and δ = 1.33◦ for E = 30 EeV. Our estimates of
θobs for the blazar 1ES 1101-232 (zs= 0.186), δ = 1
◦ and several
values of LV are presented in Table 1 (first line). The typical ex-
tension of an IACT PSF is about 0.1◦, thus, a part of observable
γ-ray flux in our case will not fit into the point-like image of the
source.
Below, in Sect. 4, we present results for a specific case of the
isotropic angular distribution of protons. This greatly simplifies
calculations, as all observable γ-ray events are collected from
the observer sphere C.
8 for γ-rays produced after the proton was deflected on the filament
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Table 1. Estimates of the observable angle θobs [
◦] for models with dif-
ferent number of filaments.
LV /LV2 /L 50 Mpc 100 Mpc 200 Mpc 500 Mpc
one filament 0.064 0.13 0.25 0.64
two filaments 0.073 0.16 0.37 2.1
n filaments 0.016 0.045 0.13 0.51
2.2. Collective effect
Now let us assume that the primary protons go through two fil-
aments before reaching the observer (see Fig. 2). The notations
here are mostly the same as in Subsect. 2.1, but we consider the
specific case of θ0= 0 and introduce another void between the
filaments with the diameter LV2 (the diameter of the first void is
now denoted as LV1).
S O
C
2V
L
1V
L
1V
-LSLδ
α
obsθ
α-2
pi
d
Fig. 2. Geometry scheme for the intergalactic hadronic cascade model
and two filaments (not to scale).
In analogy with eq. (2)9:
d = (LS − LV1) sin(θobs) = LV2 sin
(
pi
2
− α
)
(5)
At the same time
δ + α =
pi
2
− θobs →
pi
2
− α = δ + θobs (6)
Assuming that θobs ≪ pi2 and δ ≪ pi2 we obtain the following:
(LS − LV1)θobs ≈ LV2(δ + θobs), (7)
and finally
θobs ≈
δLV2
LS − LV1 − LV2
. (8)
Assuming LV1= 50 Mpc and various values of LV2 , we estimate
θobs (see second line of Table 1). Finally, we consider the case of
many filaments n = LS /LV ≫1 when the total deflection of the
primary proton δ ∼ δn
√
n. For cascades initiated at the distance
L from the source:
θobs ∼ δn
√
L
LV
L
LS
= δ
(
L
LS
)3/2
. (9)
Numerical estimates of θobs for this case are also presented in
Table 1 (third line).
9 here we consider γ-rays produced after the proton had undergone two
deflections
2.3. EM cascade spectral features
The shape of the observable spectrum of an EM cascade
depends on the distance between its origin and the observer.
SEDs of cascades initiated by γ-rays with the energy E0= 1
PeV are shown in Fig. 3 for various ranges of their origin
redshift z0. These calculation were made with the ELMAG
2.03 publicly-available code (Kachelrieß et al. 2012). The
distribution on z0 is random with a uniform probability density
function. In Sect. 4–5 of this work we present results for the
two following EBL models: Kneiske & Dole (2010) (hereafer
KD10) and Gilmore et al. (2012) (hereafer G12); other op-
tions include Primack et al. (2005); Franceschini et al. (2008);
Domínguez et al. (2011); Inoue et al. (2013); Stecker et al.
(2016); Franceschini & Rodighiero (2018). The KD10 option
represents a lower limit for the EBL density; G12 is a real-
istic EBL model that is consistent with existing constraints
(Ackermann et al. 2012; Biteau & Williams 2015; Abdalla et al.
2017; Korochkin & Rubtsov 2018; Abdollahi et al. 2018;
Acciari et al. 2019c; Abeysekara et al. 2019), at least for z <0.2.
Qualitatively, the evolution of a well-developed intergalactic
EM cascade (i.e. when the parent γ-ray or electron has a high
enough energy E0 >100 TeV for z0=0.2 or even higher for lower
values of z0, usually corresponding to several or more genera-
tions of cascade γ-rays and electrons) may be described as fol-
lows (Berezinsky et al. 2011): 1) the parent γ-ray is absorbed
on a EBL or CMB photon, 2) then, the cascade develops very
fast, 3) finally, cascade γ-rays reach the effective γγ absorption
threshold on EBL E(τ = 1). The observable spectrum carries
an imprint of the pair production process, namely, the redshift-
dependent high-energy cutoff, that is clearly visible in Fig. 3 for
all cases considered. The more distant is the cascade origin, the
lower is the cutoff energy in the observable spectrum.
E [TeV]
2−10 1−10 1 10 210
SE
D 
[ar
b.u
nit
s]
3−10
2−10
1−10
1
Fig. 3. SEDs of intergalactic EM cascades for different intervals of z0.
Black curve denotes the interval 0.0 < z0 < 0.03, red — 0.03 < z0 <
0.06, green — 0.06 < z0 < 0.09, blue — 0.09 < z0 < 0.12, magenta —
0.12 < z0 < 0.15, cyan — 0.15 < z0 < 0.18. For convenience, all curves
are normalized to unity at E= 200 GeV.
For the primary proton energy in excess of several EeV
and below 100 EeV, parent electrons and γ-rays that initiate in-
tergalactic cascades are mostly produced on CMB photons. In
this case, for Ep < 60/(1 + z) EeV the dominant energy loss
process is the Bethe-Heitler pair production (BHPP), while for
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60/(1 + z) EeV< Ep < 100/(1 + z) EeV the photohadronic pro-
cesses rapidly take over (Berezinsky et al. 2006). Furthermore,
the typical energy range for photohadronic electrons and γ-rays
is 1-50 EeV, while for BHPP electrons it is 100 TeV – 1 EeV
(see Figs. 2-3 in D17). For the range of parameters considered
in the present work, the spectrum of observable γ-rays is prac-
tically independent of the energy and type (γ-ray/electron) of
the parent particle, but depends on z0 (“weak universality”, see
Berezinsky & Kalashev (2016) and D17 (Appendix A)).
2.4. Discussion of estimates
Above we have shown that the observable angular distribution
broadens as the primary proton travels through the EGMF and,
at the same time, the observable spectrum becomes harder for the
case of cascades that were initiated relatively near to the observer
(i.e. are characterised by comparatively low values of z0). It is re-
markable that the hard component of observable γ-rays with
low z0 at the same time has much broader angular distribu-
tion than the rest of observable γ-rays (see values in Table 1
and Fig. 3). This leads to a qualititive conclusion that the spec-
trum inside the PSF of the observing instrument appears to
have a cutoff with respect to the spectrum integrated over all
values of the observable angle θobs. In the next four Sections
we present a more precise calculations of this effect and discuss
the effect in more details.
3. Simulations
3.1. Deflection of protons
We simulate the propagation of protons through the EGMF with
the publicly available CRPropa3 code (Cosmic Ray Propagation
Framework version 3) (Alves Batista et al. 2016), accounting for
all relevant particle interactions and calculating energy losses of
these protons on every step, assuming the D05 EGMF model.
The EGMF is represented by a (132 Mpc)3 volume simulated
using the Quimby code (Müller 2016) and stored in an input file.
As a result of the proton propagation simulation, we obtained
105 trajectories of protons with the primary energy Ep0= 30 EeV
and starting points distributed randomly and uniformly inside
a (30 Mpc)3 cube located in the central region of the volume.
The length of each trajectory is 103 Mpc 10. We conservatively
consider the isotropic angular distribution of the protons.11
3.2. Observable γ-ray signal
Following D17, we utilize a hybrid approach and combine semi-
analytic calculations of proton energy losses during their propa-
gation with statistical (Monte Carlo, MC) simulations of proton
deflections (see the previous subsection), as well as MC calcu-
lations of intergalactic EM cascade spectra. Coordinates, direc-
tions and energies of the protons were calculated with the step
δz = 10−5. We accounted for pair production and pion produc-
tion energy losses on CMB photons, as well as adiabatic losses
(redshift) according to Berezinsky et al. (2006) (see Subsection
2.2 of D17). As an additional option we also included pion pro-
duction energy losses on EBL photons; however, their impact is
10 CRPropa3 allows to propagate particles to greater distances than the
extension of the EGMF volume using the replication of the volume
11 for strongly anisotropic angular patterns of the primary proton beam,
an additional defocusing effect is in place, which makes the observable
spectrum even steeper
negligible for the range of parameters considered in the present
work.
The shape of the observable spectrum of γ-rays in the weak
universality approximation is (D17, eq. 7):
(
dN
dE
)
γ−obs
(E) ∝
zs∫
0
Kem(z)
w(z)
w(0)
(
dN
dE
)
c
(E, z)dz, (10)
where Kem(z) is the fraction of “active” energy losses (i.e. pair
production losses on the CMB, as well as pion production losses
on the CMB and EBL) transferred to γ-rays and electrons,
(dN/dEc)(E, z) is the universal spectrum of EM cascade with
a starting point at z, and w(z)/w(0) is the energy transferred to
γ-rays and electrons on the step dz, normalized to the value of w
at z= 0. Following Berezinsky et al. (2006):
w(z) =
∣∣∣∣∣∣
(
dEp
dz
)
pair+pion
∣∣∣∣∣∣ =
∣∣∣∣∣∣
(
dEp
dt
)
pair+pion
∣∣∣∣∣∣
∣∣∣∣∣ dtdz
∣∣∣∣∣ , (11)
∣∣∣∣∣ dtdz
∣∣∣∣∣ = 1
H0
√
Ωm(1 + z)3 + ΩΛ
1
1 + z
. (12)
Using the ELMAG 2.03 code for the G12 EBL option and
the 2.02 version of the same code for the KD10 EBL option
(Kachelrieß et al. 2012), we computed a database of the uni-
versal EM cascade spectra (dN/dEc)(E, z) with the primary en-
ergy 1 PeV and z distributed randomly and uniformly varying
from 0 to 0.30 and use this database to compute the observ-
able spectrum according to eq. (10). Other up-to date publicly-
available intergalactic cascade codes have more advanced func-
tionality than ELMAG 2.03: namely, Kalashev & Kido (2015)
enables the account of the universal radio background (URB),
and Fitoussi et al. (2017), as well as the new version of ELMAG
(3.01) (Blytt et al. 2019) allow to perform realistic simulation of
three-dimensional (3D) structure of intergalactic EM cascades.
However, in the scope of the present paper the ELMAG 2.03
code is suitable for our purposes (which are mainly to calculate
the energy spectra of intergalactic EM cascades), at the same
time retaining significant advantages of greater simplicity, relia-
bility, and speed compared to the more advanced codes.
In our simulation framework the observer is represented by
a sphere (denoted as C in Fig. 1 and Fig. 2) with the source in
its center, the comoving distance from the source to the observer
being the radius of the sphere. Observable γ-rays are collected at
the intersection with the sphere. Thus, the spherical symmetry of
our setup allows to greatly simplify the calculations for the case
of the isotropic angular distribution of protons. A more direct
approach with the observer represented by a small Earth-sized
sphere would require huge computational resources or a sophis-
ticated “aiming” algorithm (Jasche et al. 2019), since only a little
fraction of simulated particles would reach the observer in this
case. Such an extended calculation is beyond the scope of the
present paper.
Finally, we compute and tabulate the observable angle θobs
for every proton trajectory simulated as was described in Sub-
sect. 3.1. These tables have the step of 5 Mpc on the traversed
distance; in what follows we use them to calculate the observable
γ-ray angular distribution.
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Fig. 4. Observable SEDs for intergalactic cascade models. Black curve
denotes an SED for the basic IHCM and the KD10 EBL option, red
curve — the same for the G12 EBL option. Green curve denotes an
SED for the intergalactic electromagnetic cascade model (“the universal
SED”) and the KD10 EBL option, blue curve — the same for the G12
EBL option.
4. Results
4.1. Observable spectrum neglecting proton deflection
In order to illustrate the original idea of Uryson (1998)12, in this
Subsection we present results without the account of primary
proton deflection. In D17 we called this version of the IHCM
“the basic intergalactic hadronic cascade model”. The observ-
able spectrum in the framework of this model is much harder
than the universal EM cascade spectrum (see Fig. 4) for both
EBL options considered13. As was explained in the Introduction,
the reason behind this effect is that a part of EM cascades initi-
ated by the protons have the redshift of the origin z0 ≪ zs, and so
these cascades have much harder spectra than those with z0 = zs
(see also Fig. 3 and the related discussion). To put it simply, in
the framework of the basic intergalactic hadronic cascade
model the source becomes effectively much nearer to the ob-
server, reducing the impact of intergalactic γγ absorption on
the observable spectrum.
4.2. Observable spectrum with the account of proton
deflection
After the account of proton deflection, however, the situation ap-
pears to be very different with respect to the oversimplified case
of the basic IHCM. Now we repeat the calculation of the observ-
able spectrum, taking the observable angle into consideration.
We retain only those observable γ-rays that have θobs < θPS F=
0.1◦ and reject those with θobs ≥ θPS F . Results for a more re-
alistic PSF are presented below in Subsect 4.3. In D17 we had
already shown that the effect of proton deflection strongly modi-
fies the observable spectrum, therefore, we called this version of
the IHCM “the modified intergalactic hadronic cascade model”.
12 many works, including Essey et al. (2010, 2011); Murase et al.
(2012) are basically founded on the same idea as the one proposed by
Uryson (1998)
13 the SEDs presented in Fig. 4 were normalized to unity at their maxi-
mal values
Here we present, for the first time, results of detailed calcu-
lations based on a realistic model of LSS formation, namely, the
D05 model (see Fig. 5). Observable SEDs for the case of the
modified IHCM shown in Fig. 5 were calculated by averaging
over 104 proton trajectories for the KD10 EBL model option and
103 proton trajectories for the G12 EBL option. We have found
that averaging over 103 trajectories is sufficient to obtain stable
enough results for E <30 TeV (see Appendix A, Fig. A.1 for
details). Observable γ-ray spectra for 102 individual trajectories
are also presented in Appendix A (see Fig. A.2). Additionally,
in Fig. 5 we show the universal SEDs of the intergalactic EM
cascade model once more. However, this time these SEDs were
normalized to the curves of the modified hadronic models in or-
der to draw a comparison between them.
We note that there is a marked difference between the shapes
of the corresponding SEDs in the framework of the basic and
modified hadronic models. The modified SEDs have a high-
energy cutoff at E ∼10 TeV. This cutoff is due to the rela-
tively broad angular distribution of observable γ-rays from
cascades initiated near the observer. The results presented in
Fig. 5 very well match our expectations based on the estimates
made in Sect. 2. The difference between the spectra of the mod-
ified hadronic models and the universal spectra of purely EM
cascades is comparable to the difference between these universal
spectra for various EBL options.
Finally, it is useful to introduce a new parameter called “the
critical distance” Lcr defined as the distance from the observer
at which the observable angle is equal to the typical extension
of the PSF (e.g. the 68 % containment angle): θobs = θPS F . A
histogram of the distribution on Lcr for θPS F = 0.1
◦ is shown
in Appendix B (see Fig. B.1)14. This histogram is peaked at
Lcr ≈200 Mpc with only a small minority of trajectories having
Lcr >300 Mpc.
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Fig. 5. The same as in Fig. 4, but including SEDs for the modified
IHCM. Black and red curves have the same meaning as in Fig. 4. Ma-
genta curve denotes an SED for the modified IHCM and the KD10 EBL
option, cyan curve — the same for the G12 EBL option. Green and blue
curves have the same meaning as in Fig. 4, but were renormalized in
order to fit curves for the modified IHCM at low energies.
14 here Lcr was calculated for individual trajectories
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4.3. Observable spectrum: the case of a realistic PSF
The width of the PSF for most of the contemporary γ-ray de-
tectors depends on the energy. This impacts the shape of the ob-
servable SED in the framework of the modified IHCM. In Fig. 6
we compare SEDs for a simplified representation of a PSF with
θPS F = 0.1
◦ and a more realistic PSF for the case of the H.E.S.S.
IACT array (The CTA Consortium 2018). The SEDs for both
cases were averaged over 104 trajectories for the KD10 EBL op-
tion and over 103 trajectories for the G12 option.
The H.E.S.S. PSF becomes wider at lower energies, so the
intensity at low energies appears to be greater than the one for
the case of θPS F = 0.1
◦. Thus, for the realistic PSF the observ-
able spectrum becomes steeper than for the case of an energy-
independent PSF.
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Fig. 6. A comparison between the SEDs for a simplified PSF with
θPS F = 0.1
◦ and a realistic one (for the H.E.S.S. array) in the modi-
fied IHCM. Black curve denotes an SED for a simplified PSF and the
KD10 EBL option, green curve — the same for the G12 EBL option.
Red curve denotes an SED for the H.E.S.S. PSF and the KD10 EBL
option, blue curve — the same for the G12 EBL option. SEDs with dif-
ferent EBL options are spaced apart by the factor of two for illustrative
purposes.
4.4. Observable spectrum: comparison with observations
In Fig. 7 we show an SED of the extreme TeV blazar
1ES 1101-232 (zs = 0.186) measured by the H.E.S.S. Collabora-
tion (Aharonian et al. 2006). In 2007 the H.E.S.S. Collaboration
had performed a reanalysis of the same dataset (Aharonian et al.
2007a); the resulting SED is also presented in Fig. 7 for com-
parison. In the same figure we show two model curves in the
framework of the modified IHCM for various EBL models; the
realistic PSF of the H.E.S.S. IACT array was assumed for both
model options.15
In Fig. 8 we show an SED of the extreme TeV blazar
1ES 0347-121 (zs = 0.188) that was also measured by the
H.E.S.S. Collaboration (Aharonian et al. 2007b), and present the
same two model curves as in Fig. 7.16 For both blazars, the fig-
ures demonstrate a reasonable agreement between the observed
15 these model curves were shown in Fig. 6 (see Subsect. 4.3 for more
details); here we renormalized them to fit the measured SEDs
16 the small difference of the measured redshift between 1ES 1101-232
and 1ES 0347-121 allows one to use the same models
SEDs and the model ones, except for a slight excess in the mea-
sured SEDs at the highest energies.
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Fig. 7. SEDs of the source 1ES1101-232 measured with the H.E.S.S.
IACT array: circles denote measurements, bars – their uncertainties;
the results of the 2006 analysis are shown in black, the results of the
2007 reanalysis — in red. Black curve denotes the SED for the modified
intergalactic hadronic cascade model assuming the H.E.S.S. PSF and
the KD10 EBL option, red curve — the same, but for the G12 EBL
option.
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Fig. 8. The same as in Fig. 7, but the measurements are shown for the
source 1ES 0347-121.
4.5. Observable angular distribution
Besides the energy spectrum, γ-ray detectors can also mea-
sure the angular distribution of the source. In particu-
lar, the Fermi-LAT Collaboration have recently performed a
search for spatial extension in some high-latitude (|b| >5◦)
sources, including the blazars 1ES 1101-232 and 1ES 0347-121
(Ackermann et al. 2018b). They have drawn the conclusion
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that the images of these sources are compatible with the
ones expected from point-like sources. The H.E.S.S. Collabo-
ration have presented the same conclusion in Aharonian et al.
(2007b) for 1ES 0347-121; the observable angular distribution
for 1ES 1101-232 also does not show any obvious hints at an
additional extension (Aharonian et al. 2007a).
In Fig. 9 we show a model of the observable angular dis-
tribution that could be compared with observations; this figure
demonstrates how various containment values of the observable
angle θobs change with the energy.
17 We note that there is a
steady increase in the value of θobs as the observable energy in-
creases, with ≈32% of observable angles being larger than 1◦ at
E >1 TeV, and ≈60 % of observable angles exceeding this value
at E >8 TeV.
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Fig. 9. Quantiles of the observable angular distribution for the KD10
EBL model option: black solid curve denotes a 5% containment angle,
red solid curve — 10% containment angle, green solid curve — 20%,
blue solid curve — 40%, black dashed curve — 68%, red dashed curve
— 80%, green dashed curve — 90%, and blue dashed curve — 95%.
Thus, the intergalactic hadronic cascade model for the
blazars 1ES 1101-232 and 1ES 0347-121 predicts observable
spectra similar to those measured by the H.E.S.S. Collaboration,
but this model is not favoured in view of observed angular distri-
butions typical for point-like sources. A detailed statistical anal-
ysis supporting this conclusion is in preparation; it will be pub-
lished elsewhere. Here we conclude that measurement of the
observable angular distribution would provide a critical test
for the validity of the intergalactic hadronic cascade model.
5. Observational prospects
In this section we compare the 68% containment radius of
the simulated angular distribution with the same quantity
for the PSF of several operating and projected γ-ray tele-
scopes (see Fig. 10). In this figure we present the single-
photon angular resolution θ68(E) for Fermi-LAT according to
Atwood et al. (2009); θ68(E) for H.E.S.S., MAGIC and CTA are
taken from (The CTA Consortium 2018). The angular resolu-
tion for VERITAS (Krennrich et al. 2004; Park 2016) is simi-
lar to that of H.E.S.S. and MAGIC. In addition, we show the
17 here we work with the angular distribution truncated at 10◦; this value
represents the diameter of the field-of-view of a typical IACT or a typi-
cal extension of the region-of-interest (ROI) in Fermi-LAT data analysis
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Fig. 10. Angular resolution (68 % containment angle) of various
gamma-ray instruments (solid curves: black curve denotes Fermi-LAT,
red curve — H.E.S.S., green curve — MAGIC, blue curve — CTA, ma-
genta curve — MAST) vs. the 68 % containment angle of the observable
emission assuming the modified IHCM with the KD10 EBL.
angular resolution for the MAST space γ-ray telescope pro-
posed in Dzhatdoev & Podlesnyi (2019). The MAST concept (an
abbreviation for “Massive Argon Space Telescope”) is based
on the liquid Argon time projection chamber (TPC) approach
(Dolgoshein et al. 1970; Rubbia 1977; Rubbia et al. 2011). Such
a detector with the total sensitive mass of ≈36 t could be
launched with the latest contemporary launch vehicles such as
Falcon Heavy.
Finally, in Fig. 10 we also present the 68 % containment an-
gle of the observable emission in the framework of the modi-
fied IHCM. We note that this extended emission is readily dis-
cernible by all considered γ-ray telescopes at E >10 GeV pro-
vided that the exposure is sufficiently high and the background
is sufficiently low. Next-generation IACTs such as CTA are es-
pecially well-suited for the search of broadened patterns around
the positions of presumably point-like sources as the extension
of the model angular distribution significantly increases with the
energy. Projected space γ-ray telescopes with improved angu-
lar resolution, broad field-of-view, and high duty cycle, such as
MAST, could also reveal the extended nature of these sources.
In Fig. 11 we show the SEDs of extreme TeV blazars
1ES 1101-232, 1ES 0347-121, and 1ES 0229+200 (zs= 0.14)
measured with H.E.S.S. (Aharonian et al. 2007c,b), VERITAS
(Aliu et al. 2014), and Fermi-LAT (Ackermann et al. 2018b) in
comparisonwith the differential sensitivity for point-like sources
of various γ-ray telescopes. The sensitivity for MAGIC and
VERITAS is qualitatively similar to that of H.E.S.S. The sensi-
tivity of Fermi-LAT is barely sufficient to measure the spectra of
these sources; however, IACTs can readily detect extreme TeV
blazars due to their very hard intrinsic spectra. Next-generation
space γ-ray telescopes such as MAST could also measure the
spectra of such sources due to improved sensitivity.
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Fig. 11. SEDs of some extreme TeV blazars measured with IACTs
(circles) and Fermi-LAT (stars) together with sensitivities of several γ-
ray telescopes. Red symbols denote 1ES 1101-232, green symbols —
1ES 0347-121, blue symbols — 1ES 0229+200; black curve denotes
the sensitivity of Fermi-LAT, red curve — H.E.S.S., blue curve — CTA,
magenta curve — MAST.
6. Discussion
6.1. Dependence on basic model parameters
In the present paper we performed calculations of the observable
SEDs and angular distributions assuming specific model param-
eters, including the source redshift zs= 0.186, the primary proton
energy Ep0= 30 EeV, the specific model of the EGMF (namely,
the D05 model), and two specific models of the EBL (namely,
the KD10 and G12 models). Here we discuss how the results
of our calculations would change if we assume other values of
these parameters.
6.1.1. Source redshift
Contemporary IACTs can detect blazars up to zs= 0.6 for Bl Lacs
(Archambault et al. 2014) and up to zs= 1 for flat-spectrum radio
quasars (FSRQs) (Ahnen et al. 2015; Abeysekara et al. 2015).
At redshifts higher than zs= 0.3 the fraction of proton trajecto-
ries that experience deflections on the EGMF of galaxy clusters
becomes non-negligible (see discussion in D05). This would sig-
nificantly increase the deflection angle of the protons, thus mak-
ing the effect of the angular broadening and the associated cutoff
in the observable spectrum even more pronounced. Indeed, in
this case the typical critical distance Lcr constitutes only a small
part of the total distance from the source to the observer LS ,
therefore the observable spectrum becomes very similar to the
universal spectrum of the intergalactic electromagnetic cascade
model.
Conversely, at relatively low redshifts (zs < 0.1) the typical
value of Lcr/LS is comparable to unity, thus, a significant devi-
ation of the observable spectrum in the framework of the modi-
fied IHCM from that of the universal spectrum of a purely EM
cascade is expected. On the other hand, the width of the observ-
able angular distribution rises with the energy, while the angular
resolution of IACTs becomes better with increasing energy (see
Fig. 9 and Fig. 10), making the angular extensions of the sources
readily discernible, even for the case of low redshifts.
6.1.2. Primary proton energy
For the case of the primary proton energy lower than 30 EeV,
the primary protons deflect even stronger and the width of the
observable angular distribution increases still further. The same
is true for primary nuclei with the primary energy < 30 · Z EeV.
For the case of high Ep0 >100 EeV, the characteristic en-
ergy loss length Lp−E is lower than 100 Mpc (Berezinsky et al.
2006). Therefore, at first, protons lose energy rapidly until they
reach the effective threshold of the pion photoproduction pro-
cess (∼ 60/(1 + z) EeV). Because of this, the width of the an-
gular distribution at high energies (E >1 TeV) becomes only
slightly smaller for Ep0 ≫30 EeV as compared to the case of
Ep0= 30 EeV if the source is sufficiently distant, zs >0.1.
6.1.3. EGMF model
The D05 EGMF model is usually considered to be conservative
in terms of the predicted proton deflection, i.e. it predicts pro-
ton deflection to be smaller than the predictions of other models
such as Sigl et al. (2004); Hackstein et al. (2018) (see Eichmann
(2019), Subsect. 2.2). An attempt to reduce the angular exten-
sion of the observable emission beyond the observability level
for contemporary experiments such as the CTA array would re-
quire a significant revision of the existing models of the EGMF
in filaments and clusters of the large scale structure.
6.1.4. EBL model
The intensity of the EBL relevant for primary γ-ray absorption
in the observable energy range E <20 TeV is believed to be well-
constrained now (Ackermann et al. 2012; Abdalla et al. 2017;
Abdollahi et al. 2018; Acciari et al. 2019c; Abeysekara et al.
2019), with characteristic uncertainty of the order of tens of per-
cent at z <0.5. Additional constraints on the EBL intensity could
be set from TeV observations of distant (zs >0.4) γ-ray bursts
(GRBs) (The MAGIC Collaboration 2019; Abdalla et al. 2019).
In this paper we have shown the results of calculations as-
suming the KD10 EBL model that represents a lower limit for
the EBL intensity. Other EBL models with the intensity higher
than that assumed in the KD10 model would result in an addi-
tional steepening of the observable spectrum with respect to the
KD10 model one. An example of such dependence on the EBL
normalization could be seen in e.g. Fig. 5 where we compare the
observable spectra for the KD10 and G12 EBL models.
6.1.5. Angular distribution of primary protons
For simplicity, in this paper we assumed the isotropic angular
distribution of primary protons. Therefore, the results presented
here are relevant for the case of θp ≫ δ ∼ 1◦, where θp is the
width of the angular distribution of primary protons. For θp ≤ δ,
instead, an additional effect of the beam defocusing is in place,
for which the intensity at high energies is diminished further,
thus, making the high-energy cutoff in the observable spectrum
even more pronounced.
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6.2. γ-ray vs. proton-initiated intergalactic EM cascade
Awell-known spectral signature of an EM cascade developing in
the magnetized Universe is a low-energy cutoff in the observable
spectrum induced by deflection of cascade electrons in the voids
of the large scale structure (Neronov & Semikoz 2007, 2009;
Neronov & Vovk 2010). Indeed, the observable energy in this
case is typically ∝ E2e , and the observable angle ∝ E−1e , where Ee
is the energy of the parent electron that produced the observable
γ-ray (Neronov & Semikoz 2009). Therefore, observable γ-rays
with comparatively low energies have a much broader angular
distribution than observable γ-rays with comparatively high en-
ergies.
In the framework of the modified IHCM the observable
spectrum reveals a high-energy cutoff instead (see Fig. 5). The
observable energy spectrum in this case is defined mainly by
the cascade origin redshift z0 (see Fig. 3). Indeed, the primary
protons may travel cosmological distances and, thus, form a
spatially-distributed source of parent γ-rays and electrons that
initiate intergalactic EM cascades, as contrasted by a point-like
source in the case of primary γ-rays. Therefore, as z0 becomes
smaller, the observable energy spectrum becomes harder, but
at the same time the observable angular distribution becomes
broader, inducing a cutoff in the observable spectrum at high en-
ergies.
6.3. Impact on extragalactic γ-ray propagation models
6.3.1. ALP searches
An anomalous γ-ray transparency of the Universe in the
VHE range at high values of the optical depth (τ >1)
is a well-known signature of γ → ALP oscillations
(De Angelis et al. 2007; Kartavtsev et al. 2017; Montanino et al.
2017; Galanti & Roncadelli 2018; Galanti et al. 2019a). The
search for such a feature in blazar spectra is among
the key objectives of the forthcoming CTA experiment
(The CTA Consortium 2018). This particular technique becomes
even more appealing than it was believed before in view of the
very recent results presented in Libanov & Troitsky (2019), in-
dicating that some previous constraints on γ → ALP mixing
obtained with another method, namely, the search for spectral
irregularities (Abramowski et al. 2013; Ajello et al. 2016), may
be significantly relaxed.
Unfortunately, the detection of an excess in photon counts
still would not constitute an outright evidence for the γ → ALP
process. Indeed, it is essential to study and then filter out as-
trophysical backgrounds, i.e. the processes that could mimic this
signature without invoking any new physics beyond the Standard
Model. Such detailed background studies are being routinely
done in accelerator experiments, but so far they have been largely
neglected in the context of this particular search for ALPs.
In the present paper we have shown that the observable γ-
ray spectrum of distant AGNs emitting ultrahigh energy pro-
tons is much steeper than was previously believed; this allows
to achieve a crucial suppression of the background for γ → ALP
searches in blazar spectra at high opacity. In addition, we have
proposed to use the shape of the observable angular distribution
that appears to be a very sensitive probe for intergalactic cas-
cades of hadronic nature. In a broader context, our studies may
facilitate any search of a new physics process that leads to an
effective reduction of intergalactic γ-ray opacity in the optically
thick region of blazar spectra, such as Lorentz invariance viola-
tion (LIV) (e.g. Abdalla & Böttcher (2018)). We note, however,
that such exotic processes are often strongly constrained by other
methods, as is the case for LIV (Rubtsov et al. 2017).
We note that another, less dangerous source of back-
ground for ALP searches, that is, one due to purely EM in-
tergalactic cascades, is not constrained by the present work
(see D17 for a more detailed discussion). Both electromag-
netic and hadronic intergalactic cascade models could be con-
strained by requiring the extended component of cascade emis-
sion for a population of sources to be below the diffuse compo-
nent of the extragalactic γ-ray background (EGRB) (Abdo et al.
2010; Ackermann et al. 2015, 2016; Berezinsky et al. 2011;
Ahlers et al. 2010; Gelmini et al. 2012; Uryson 2019).
6.3.2. EBL measurements
The near-infrared EBL intensity measured by the CIBER experi-
ment (Matsuura et al. 2017) exhibits a significant excess with re-
spect to some EBL models such as G12 (see Kohri et al. (2017);
Kohri & Kodama (2017); Korochkin et al. (2019a,b); Long et al.
(2019) for discussion). In the framework of the absorption-only
model, this would lead to a disagreement with γ-ray observa-
tions. Namely, assuming that the CIBER result is correct im-
plies a stronger γ-ray absorption than the one that was observed.
Such an additional absorption could, in principle, be accomo-
dated in the framework of the basic IHCM due to the effective
decrease of the γ-ray opacity. The account of primary proton de-
flections in a realistic EGMF (which makes the observable spec-
trummuch steeper than predicted by the latter model) implies the
disagreement of the CIBER measurements with those performed
by IACTs. We note that an attempt to reconcile these two sets of
measurements may require fairly exotic solutions going far be-
yond “the Occam’s razor”.
6.3.3. EGMF measurements
Radio observations allow to probe ∼1 nG extragalactic
magnetic fields (e.g. Pshirkov et al. (2016); for reviews see
Durrer & Neronov (2013); Han (2017)), but these techniques are
still not sensitive enough to detect ∼1 fG EGMF in voids. Nev-
ertheless, our study shows that such works (e.g. O’Sullivan et al.
(2019)) may be directly relevant to γ-ray astronomy of point-like
sources under the following conditions: 1) some blazars are co-
pious sources of ultrahigh energy cosmic rays, 2) the EGMF is
highly inhomogeneous, with the strength in filaments B ∼1 nG
and very weak magnetic fields in voids (B <10 fG) (see, for in-
stance, the models condidered in Hackstein et al. (2018) labeled
as “astrophysical”).
6.4. A note on blazar variability
Finally, let us briefly discuss another way to put constraints on
the intergalactic hadronic cascade model — by detecting time
variability of extreme TeV blazars (see e.g. Gueta (2019)). The
evidence for significant variability on a timescale of a year or
less is sometimes considered as a direct evidence against inte-
galactic cascade models. However, we note that a rapidly vary-
ing intrinsic component of γ-ray emission could easily outshine
a relatively steady integalactic cascade signal. Therefore, a more
detailed analysis of the variability pattern would be required in
order to disprove the IHCM. For instance, a quasi-periodic mod-
ulation of the γ-ray signal at a timescale less than several years
with an appreciable relative amplitude (a >0.5) in the highest
energy bins, where the optical depth is large enough (τ >2-3),
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would indeed prove to be hard to accomodate in the framework
of the IHCM. The detection of several isolated flares, however,
would not serve as a direct evidence against this model.
7. Conclusions
In this work we calculated the observable spectral and angu-
lar distributions of very high energy cascade γ-rays as expected
from extragalactic sources of ultrahigh energy protons. In par-
ticular, we accounted for the effect of primary proton deflection
in realistic extragalactic magnetic fields. We demonstrated that
the observable spectrum reveals a high-energy cutoff in compar-
ison with the spectrum averaged over all values of the observable
angle θobs, and that the observable angular distribution is broad
enough to be readily detected by the next-generation γ-ray tele-
scopes, and, possibly, by some of the currently operating ones.
To our knowledge, these results have never been reported before.
This study could significantly facilitate future axion-like particle
searches in the optically thick region of blazar spectra. In addi-
tion, our work might be useful in extreme TeV blazar studies, as
well as in several related branches of γ-ray astronomy, including
extragalactic background light and extragalactic magnetic field
measurements.
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Appendix A: The impact of fluctuations on the
observable spectra
The observable spectrum in the framework of the modified
IHCM depends on the EGMF structure, in particular, on the
number of proton trajectories used in our study. In Fig. A.1 we
show the observable SEDs averaged over various numbers of
proton trajectories. We conclude that the statistics of 102 trajec-
tories is sufficient to obtain a stable enough average observable
spectrum for E <10 TeV, and the use of 103 trajectories already
allows one to robustly determine the shape of the spectrum for
E <30 TeV.
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Fig. A.1. Average observable SEDs for the KD10 EBL model option
and the following numbers of trajectories: 10 (black curve), 100 (red
curve), 103 (green curve), 104 (blue curve).
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Fig. A.2. Observable SEDs for the KD10 EBL model option and 102
individual trajectories; colors represent the ratios of individual SEDs at
10 TeV and 100 GeV.
In addition, we have calculated the observable SEDs for 102
individual proton trajectories to demonstrate the impact of fluc-
tuations on the shape of the observable spectrum (see Fig. A.2).
The blue-to-red gradient of colors gives a visual representation
to the values of the ratios of different individual SEDs at two
benchmark energies: 10 TeV and 100 GeV. Blue colors repre-
sent lower ratios, while red colors— higher ones. We note that at
E= 5 TeV the maximal difference between the flux correspond-
ing to 95 % of the trajectories is limited to the factor of 2.5.
Appendix B: Distribution of the critical distance
In Fig. B.1 we present a histogram of a distribution on “the crit-
ical distance” Lcr (see Subsect 4.2 for definition of this parame-
ter). The normalization of this histogram corresponds to the case
of discrete probability density function, i.e.
∑N
i=0 Fi= 1 with sum-
mation over the bins of the histogram, with the Nth bin contain-
ing the largest value of Lcr.
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Fig. B.1. Histogram of the critical distance Lcr distribution (red curve).
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